of guanyl nucleotides on the glucagon-responsive adenylyl cyclase was demonstrated until at least 7 days after birth in the rat (25). Cunnyl nucleotides are effective activators of rat heart adenylyl cyclase activity from the earliest age studied, 16 fetal days, through adulthood. Both gu~nosine tripbosphate and gumylyMmklodi-MATERIALS AND METHODS phosphate (CMP-PNP) signiRcnntly enhance epinephrine-stimulated adenylyl cyclase activity at all fetal and postnatal ages. The
gumyl nucleotides just before birth, a responsiveness which rapidly and further procedures are carried out at 4OC. The pieces are falls by 3 days of neonatal life. With increasing age, the absolute then homogenized in 25 ml of the Tris-sucrose buffer for 15 set gu-she triphospbate or CMP-PNP activated rate rises in par-with a Polytron PT-20 (setting 4.5). The homogenate is f d t e d allel with the basal rate of adenylyl cyclase activity in the rat though two layers of cl~eese cloth, diluted to 50 ml with Tris- 
heart.
sucrose buffer, and centrifuged at 1600 X g. The resulting pellet is resuspended in a small volume of Tris-sucrose buffer and used
Speculation
immediately. This particulate preparation was modifled slightly for fetal hearts to increase the yield. The smc activity is not The activation of adenylyl cyclase systems by gumyl nucleotides changed by the modiication. About forty 16-day or twenty-four may be a generd feature of f e d as we1 as of &t tissues. ~b i s 18-or 21-day fetal hearts are homogenized and diluted in 12.5 ml activation by gunnyl nucleotides may mPgnify tissue honnond of the Tris-sucrose buffer. The Polytron homogenization is responses at some stages of development.
shortened to 5 sec, and the filtiation is eliminated. A number of preparations (N) were tested for each age group to provide the data shown in Figures 2 and 3 . For the studies using lo-' GMPHormonal regulation of cardiac function develops early in fetal PNP (Fig. 2) , N = 6 for the 16 fetal day value; N = 10 for 18 fetal life in the rat and mouse. By the 16th day of a 22-day gestation, days; N = 10 for 21 fetal days; N = 4 for 3 days; N = 4 for 1 week; epinephrine increases the rate and strength of myocardial con-N = 4 for 2 weeks, N = 5 for 3 week, N = 9 for 4 week, N = 4 traction and augments adenylyl cyclase activity (5, 23) . The myo-for adult. For the studies using lo-' M GTP (Fig. 3) , N = 6 for cardial response to glucagon is, in contrast, species dependent. the 16 fetal day value; N = 10 for 18 fetal days; N = 10 for 21 Glucagon increases the heart rate of the fetal mouse heart but fetal days; N = 3 for 3 days; N = 4 for 1 week; N = 4 for 2 weeks; does not activate adenylyl cyclase in either the fetal or adult N = 4 for 3 weeks; N = 2 for 4 weeks, N = 16 for adult. mouse or guinea pig heart (6, 11, 24) . Glucagon increases both
The standard conditions of the assay for adenylyl cyclase activheart rate and adenylyl cyclase activity in the rat and sheep, but ity were determined in preliminary experiments to yield linear only after birth (1, 25) .
rates for the formation of cyclic adenosine, 3'5'-monophosphate Recently, we have demonstrated that the effect of glucagon on (AMP) with time and protein concentration as variables. In the adenylyl cyclase can be augmented in early neonatal life by GTP present study, standard assay conditions for adenylyl cyclase or its analog, guanylyl-imidodiphosphate (GMP-PNP) (25) . Be-activity consist of 40 to 200 pg of protein preincubated for 7 min cause GTP is thought to be an important modulator of hormonal at 37°C in a final volume of 0.06 rnl containing 3.3 mM MgC12, activation of adenylyl cyclase in a variety of tissues ,including the 5.5 mM KCl, 8 mM theophylline, 0.1% bovine serum albumin, 20 heart (l3,14), we examined further the development of myocardial mM phosphoenol pyruvate, 13 pg pyruvate kinase, and 50 mM adenylyl cyclase responsiveness to guanyl nucleotides and/or Tris-HC1, pH 7.6. The reaction is started with the addition of [aepinephrine during the fetal and early neonatal period. Studies on "PIATP (1 to 2 x lo6 cpm; final concentration, 1.0 mM). The the effects of GTP and GMP-PNP on glucagon-activated adenylyl preincubation eliminates a "lag time" when the reaction containcyclase were performed for comparison. The results indicate that ing GTP or GMP-PNP alone is started by the addition of memguanyl nucleotides augment adenylyl cyclase activity from at least brane. The reaction is terminated 10 min later by placing the the 16th day of gestation. In addition, guanyl nucleotides are tubes on ice and immediately adding 3 mM ATP and 1 mM [3H] synergistic with epinephrine at that date, suggesting maturation of CAMP (40,000 cpm). The tubes are then boiled 3.5 min, and 0.9 the epinephrine-responsive adenylyl cyclase system in the fetal rat ml water is added to each tube. The ["PICAMP is separated from myocardium at a very early age. As previously reported, no effect [a-"PJATP on Dowex AG-X4 (200 to 400 mesh) columns and 3H 29 1 292 CLARK and 32P are measured by liquid scintillation counting (18) . The pmoles of CAMP formed are calculated from the recovery of [3H] CAMP, subtraction of "blanks" (32P counts recovered in the absence of membranes), and the specific activity of [ a -3 2 P ]~~~. The blank values account for 10% or less of the reaction values. The Biuret method is used to determine protein concentration (9) . Points in the Figures 1 to 3 are shown It S.E. unless the S.E. is too small to be shown. Comparisons of basal rates with stimulated rates were made with Student's t test. Points were considered significantly different for P < 0.05 or less.
We found that newborn myocardial adenylyl cyclase activity is readily stimulated by GMP-PNP in contrast to our previous observations (25) . To resolve these conflicting data, we investigated two differences in our experimental techniques: (1) the use of an homogenized tissue versus a whole-cell preparation; and (2) the change in the assay conditions. We found that the adenylyl cyclase activity of newborn whole myocardial cells is insensitive to GMP-PNP using the previous assay conditions but shows a four-fold stimulation by GMP-PNP using the present assay conditions (2.4 f 0.1 pmol/min/mg protein, basal activity; 9.0 * 0.02 pmol/min/mg protein, activity with lo-' M GMP-PNP). Furthermore, the washed particulate preparation of newborn myocardial adenylyl cyclase activity is stimulated by GMP-PNP using either assay condition. We conclude that our earlier failure to demonstrate activation of adenylyl cyclase activity by GMP-PNP in newborn heart cells was a methodologic problem.
ATP, AMP, GMP-PNP, GTP, I-epinephrine, glucagon, bovine serum albumin, phosphoenol pyruvate, and pyruvate kinase, t 
RESULTS
The adenylyl cyclase activity of the newborn heart particulate fraction responds to I-epinephrine or GMP-PNP in a dose-dependent manner similar to that of the adult (Fig. 1) . GMP-PNP, lo-' M, augments the adenylyl cyclase response to concentrations of 1- epinephrine of M and higher. GMP-PNP also shifts the response curve of adenylyl cyclase toward lower concentratiom of 1-epinephrine at both ages.
The ontogenesis of responsiveness to guanylyl nucleotides, Iepinephrine and glucagon is depicted in Figures 2 and 3 . Either lo-' M GMP-PNP or GTP stimulates adenylyl cyclase activity of the heart particulate fraction over basal at all ages studied. Epinephrine, lo-' M, also stimulates the adenylyl cyclase activity of the heart even in the fetal period. Although the stimulation by epinephrine is not statistically sipficant at 16 days of gestation, ~i~c a n t responsiveness to this hormone is noted at 18 fetal days and older. Furthermore, lo-' M epinephrine acts synergistically with either GMP-PNP or GTP at fetal ages and at least additively after birth.
Of particular interest is the peak in guanyl nucleotide sensitive adenylyl cyclase activity just prior to birth (Figs. 2 and 3) . A more modest peak in activity is noted with I-epinephrine alone. In contrast, the basal adenylyl cyclase activity shows a gradual doubling from 16 fetal days to adulthood.
In contrast to epinephrine, lo-' M glucagon did not significantly augment adenylyl cyclase activity in the rat heart until 4 weeks after birth in the absence of GMP-PNP or GTP. In the presence of lo-' M GMP-PNP or GTP, glucagon synergistically increased adenylyl cyclase activity after birth. This effect was statistically simcant in this study in myocardial particles from 3-week-old rats.
DISCUSSION
This study indicates that guanyl nucleotides are effective activators of rat heart adenylyl cyclase activity from the earliest age studied, 16 fetal days, through adulthood. Furthermore, both GTP and GMP-PNP ~i~c a n t l y enhance the epinephrine-stimulated adenylyl cyclase activity at all fetal and postnatal ages. The doseresponse curves for epinephrine, GMP-PNP, or for the combination of epinephrine and GMP-PNP are remarkably similar in newborn and adult hearts, although the specific activity in the newborn heart is significantly lower than in the adult heart in both basal and stimulated states. Several studies have shown that the adenylyl cyclase activity of fetal rat or human heart (5, 12, 15, 16, 22) and of newborn rat (5, 12) is stimulated by epinephrine or norepinephrine. Our results indicate that the epinephrine-guanyl nucleotide-adenylyl cyclase system is "mature" as a functional unit in the rat heart even prior to birth.
The rat heart adenylyl cyclase system shows a dramatic increase in responsiveness to epinephrine and to guanyl nucleotides just before birth, a responsiveness which rapidly falls by 3 days of neonatal life. During this period, the basal activity shows a modest (less than two-fold) rise which does not fall after birth. With increasing age, the absolute GTP or GMP-PNP activated rate rises in parallel with the basal rate of adenylyl cyclase in the rat heart. These observations are in agreement with Thompson et al. (21) , who reported that the responsiveness of adenylyl cyclase to GMP-PNP and isoproterenol was cyclical during development (21) . Our studies do not reveal which factors might account for the increased responsiveness to guanyl-nucleotides and epinephrine of the late fetal rat heart adenylyl cyclase activity. Because the basal activity does not peak in the late fetal period, this responsiveness is unlikely to reflect the extent of washing of endogenous nucleotide pools from the particulate preparation. The @-receptor and guanyl nucleotide binding protein are regarded as two separate protein units distinct from the adenylyl cyclase catalytic protein. A change in the ratio of these three components in the fetal heart membrane could therefore account for the increase in response before birth. It is clear that some kinetic parameter, a V , value for the stimulated system at least, differs in the fetal and adult adenylyl cyclase systems because the assay conditions favor maximal activity for the newborn and adult systems. Although GTP alone stimulates adenylyl cyclase activity of the rat heart less than two-fold, GMP-PNP activates adenylyl cyclase 8-12 fold. This difference in effectiveness between GTP and GMP-PNP has also been described for turkey erythrocytes (14) . In that system, the lower effectiveness of GTP has been attributed to the hydrolysis of the adenylyl cyclase-bound GTP to GDP, a reaction which results in the dissociation of GDP and a concomitant loss of activated adenylyl cyclase. This hydrolysis step is neghgible with GMP-PNP (14, 17) . Our data also show that the effect of lo-' M GMP-PNP is to lower by ten-fold the concentration of epinephrine needed for half-maximal stimulation of adenylyl cyclase. This effect of GMP-PNP has also been described for the /3-receptor of turkey erythrocytes (13, 19) .
R A T H E A R T
In contrast to epinephrine, glucagon is ineffective in stimulating either basal or guanyl nucleotide-stimulated adenylyl cyclase activity of the fetal and newborn rat heart. There is an age-dependent development of glucagon-stimulated adenylyl cyclase activity in the rat heart which can be most clearly seen in the presence of lo-' M GMP-PNP. In the presence of GMP-PNP, glucagon and epinephrine are almost equally effective in stimulating adenylyl cyclase activity of the adult rat heart. However, epinephrine alone is more effective in stimulating adenylyl cyclase activity than is glucagon alone in heart preparations from all ages.
These current results confirm our earlier work which demonstrated an age-dependent development of glucagon-stimulated adenylyl cyclase activity in the rat heart (25) . We have also shown that epinephrine, but not glucagon, increases heart rate and depletes myocardial glycogen when administered to the intact newborn rat (22) . We further found that newly cultured newborn rat heart cells respond to epinephrine with an increased heart rate and increased CAMP concentrations but do not so respond to glucagon until after 4 weeks of culture (4) . Maturation of tissue function has been associated with changes in the hormonal responsiveness of adenylyl cyclase in several other tissues, including the response to glucagon and epinephrine by the liver and lung, and to catecholamines by the submaxillary gland (2,3, 10,20,23 ).
CLARK ETAL. We now show that guanyl nucleotides regulate epinephrine responsiveness in fetal rat heart. The mechanism(s) of this effect of guanyl nucleotides remains to be established.
CONCLUSION
The adenylyl cyclase system of fetal and newborn rat heart is stimulated by epinephrine and guanyl nucleotides, alone or in combination. Guanyl nucleotides increase the responsiveness of the heart adenylyl cyclase activity to epinephrine at all ages studied.
